Purpose Tumor necrosis is one of the indicators of tumor aggressiveness.
Introduction
Several subtypes of brain tumor develop intratumoral necrosis, and the presence of necrosis is usually an indicator of malignancy or a prognostic factor [1] [2] [3] [4] . Tumor necrosis is well correlated with the mitotic index, increases in cellularity, and a high nucleus-to-cytoplasm ratio. These findings suggest that necrosis might be correlated with tumor progression and therefore prognosis. Ring-like enhancement of contrastenhanced computed tomography (CT) and magnetic resonance imaging (MRI) can detect macro-necrosis, but only histopathological examination can detect micro-necrosis. Tumor sampling is no doubt an important method to accurately evaluate tumor characteristics. In contrast, the invasiveness of tumor sampling is a clinical obstacle. Non-invasive prediction of the presence of necrosis would highly affect the treatment strategy.
In this study, we focused on the relationship between hypoxia and necrosis. Hypoxia is well known as a major factor in the induction of necrosis, which can be evaluated using 18 Ffluoromisonidazole (FMISO). FMISO is the most widely used positron emission tomography (PET) tracer to visualize severe hypoxia in vivo. It is a derivative of misonidazole (MISO) that is used as a radiosensitizer [5] . Mainly because of cytotoxicity, MISO has not been applied to treatment purposes [6] . Subsequently, FMISO was developed as a hypoxia imaging PET tracer [7, 8] . Several studies have suggested that FMISO accumulation may increase sharply under 10-20 mmHg of partial (p) O 2 [8, 9] . Piert et al. examined 14 pigs to evaluate liver tissue hypoxia induced by segmental arterial hepatic occlusion using dynamic PET scanning. Oxygen distributions were assessed directly by Eppendorf pO 2 measurements. They concluded that the decrease in pO 2 was associated with an increase in the FMISO standardized uptake value (SUV) under pO 2 below 20 mmHg [10, 11] . Bentzen et al. examined mice with mammary carcinoma using FMISO and Eppendorf pO 2 measurement. They reported that FMISO accumulation increased under a median pO 2 of 20 mmHg. In addition, they showed that higher inspired pO 2 reduced FMISO accumulation in the tumor [12] .
We previously showed that FMISO accumulation distinguishes glioblastoma (GBM) from other lower-grade gliomas [13] . We hypothesized that FMISO PET could identify intratumoral necrosis not only in gliomas but also any type of brain tumor. To test this hypothesis, we applied FMISO PET to subjects with various types of brain tumors before tumor resection, and evaluated the correlation between histopathological necrosis and FMISO accumulation. We also evaluated the threshold of semi-quantitative values in these subjects, which might predict the presence of necrosis.
Materials and methods

Patients
This study included brain tumor patients who underwent FMISO PET or PET/CT before radiation therapy, chemotherapy, and surgical intervention. Patients who had not undergone tumor resection or biopsy after PET examinations were excluded. Overall, the study population included 59 patients (M:F = 33:26, age, 30-85 years). Surgeries were performed at Hokkaido University Hospital or our affiliated hospitals. Detailed surgical procedures are described below. Surgical specimens were collected by the Department of Pathology at Hokkaido University. The study was approved by the Ethics Committee of Hokkaido University Hospital (approval number 014-0381). Written informed consent was obtained from all patients.
Imaging protocol
All patients underwent MRI and FMISO PET or PET/CT before surgical intervention. MRI sequences included T1-weighted with and without gadolinium enhancement, T2-weighted, and fluid-attenuated inversion recovery (FLAIR) images. The types of MRI scanners depended on the facility.
For FMISO PET, patients were not asked to fast before the study. Static PET scanning was initiated at 4 h after intravenous injection of 400 MBq FMISO (406.42 ± 35.45 MBq) as recommended previously [14, 15] . PET scanners used in this study were an ECAT HR+ PET scanner (Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan), Biograph 64 PET-CT scanner (Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan), and Gemini TF64 TOF-PET/CT scanner (Hitachi Medical Corporation Ltd, Tokyo, Japan). All scanners were operated in the three-dimensional mode. For the ECAT HR+ scanner, the 10-min emission acquisition was followed by 3-min transmission scanning with a 68 Ge/ 68 Ga retractable line source. For the Biograph 64 PET/CT and Gemini TF PET/CT scanners, the 10-min emission acquisition was followed by CT scanning for attenuation correction. Attenuation-corrected radioactivity images were reconstructed using filtered back projection (ECAT and Biograph) or the ordered-subset expectation maximization method (Gemini) with a Hann filter of 4-mm full-width at half-maximum.
Visual analysis
Visual assessment of FMISO PET results has been described previously [13] . In this study, two nuclear medicine physicians (radiologist A: Ta.To. and radiologist B: Ke.Ko.) visually interpreted the FMISO PET images. Radiologists A and B have 2 and 6 years experience in PET/CT, respectively. They were blind to the clinical information and MRI results. According to FMISO accumulation, they categorized each image into three categories: low, intermediate, and high. For the final decision, the FMISO-positive group represented images that the two radiologists agreed were high FMISO uptake. In contrast, the FMISO-negative group represented images that either radiologist evaluated as low or intermediate uptake.
Semi-quantitative analysis
The tumor-to-normal cerebellum ratio (TNR) was calculated for semi-quantitative analysis. First, a nuclear medicine physician (Ta.To.) created 15 [injected radioactivity(Bq)]. Second, we placed one 30-mm round volume of interest (VOI) containing the voxel of the tumor that showed the highest visual accumulation. The tumor regions were determined with reference to gadoliniumenhanced T1-weighted images. Then, the maximum SUV (SUVmax) of the tumor was divided by averaging the cerebellar SUV as the TNR. We adopted the mean + 3SD within cerebellar ROIs as the cut-off value for semi-quantitative analysis to avoid any influence of reconstruction noise, as established for whole-body 18 fluoro-2-deoxyglucose PET [16] .
Surgical procedures
The detailed procedures of PET-guided surgery have been described previously [17] . In brief, all surgeries were performed using the Neuro-Navigation system (StealthStation®, Treon® or S7®, Medtronic). Before surgery, FMISO-uptake lesions were superimposed on T1-weighted images with gadolinium enhancement. When the patients underwent biopsy, the biopsy target was set in the FMISO-uptake lesion using the navigation system in cases of an identified FMISO uptake lesion. When the patients underwent maximum tumor resection, FMISO-accumulated areas were contained in the extent of resection as much as possible.
Pathological classification
According to the pathological diagnosis, brain tumors were divided into three groups: astrocytic tumors (group 1), neuroepithelial tumors other than astrocytic tumors (group 2), and other histopathological tumors (group 3). Group 1 included two diffuse astrocytomas (DAs), six anaplastic astrocytomas (AAs), and 17 GBMs. Group 2 included three oligoastrocytomas (OAs), one oligodendroglioma (OL), one central neurocytoma, one anaplastic ependymoma (AE), two anaplastic oligoastrocytomas (AOAs), eight anaplastic oligodendrogliomas (AOs), and five GBMs with an oligodendroglial component (GBMO). Group 3 included six primary central nerve system lymphomas (PCNSLs), two metastatic brain tumors, one craniopharyngioma, one hamartoma, one hemangioblastoma, one atypical meningioma, and one lymphomatoid granulomatosis (LYG) ( Table 1) .
Assessment of necrosis
Two experienced neuropathologists (Ka.Ha. and Sa.Yu.) assessed each specimen and evaluated the presence of necrosis in consensus. The diagnosis and evaluation were determined by agreement of the two pathologists.
Statistical analysis
All parametric variables are presented as the means ± SD. The weighted Kappa statistic was employed to evaluate interrater reproducibility of visual analyses. Mean values of the FMISO TNR were compared between groups by the Welch's t test. Fisher's exact test was employed to examine the relationship between the results of visual analyses and those of histopathological necrosis. The associations between image analysis and histopathological necrosis were examined by receiver operating characteristic (ROC) analysis. The cut-off value was represented within cerebellar ROIs. p values less than 0.05 were considered statistically significant. R 3.1.2 for Windows and the 'survival' package [18] were used for all statistical analyses.
Results
Histopathological necrosis and diagnosis
Histopathological necroses were observed in 17/17 GBMs (100 %), 5/5 GBMOs (100 %), 1/8 AOs (12.5 %), 1/1 AE (100 %), 4/6 PCNSLs (66.6 %), and 1/2 metastatic brain tumors (50 %), and 1/1 atypical meningioma (100 %). Necroses were found in 17/25 cases in group 1, 7/20 cases in group 2, and 6/14 cases in group 3.
Correlation between visual analysis and necrosis
Radiologist A evaluated 27/59 cases (45.8 %) as high uptake, 5/59 cases (8.5 %) as intermediate uptake, and 27/59 cases (45.8 %) as low uptake. Radiologist B rated 28/59 cases (47.5 %) as high uptake, 2/59 cases (3.4 %) as intermediate uptake, and 29/59 cases (49.2 %) as low uptake ( Table 2 ). The weighted Kappa statistic of interrater reliability for FMISO uptake was very high (k = 0.92).
A total of 27/59 images, which were evaluated as high FMISO uptake by both radiologists, were categorized as FMISO-positive uptake lesions. A total of 32/59 images, which at least one radiologist evaluated as intermediate or low FMISO uptake, were categorized as FMISO-negative uptake lesions. The relationship between visual analysis and the presence of necrosis is summarized in Table 3 . Fisher's exact test indicated a significant correlation between necrosis and visual assessment in all groups (groups 1, 2, and 3: p < 0.00001, p < 0.001, and p < 0.01, respectively).
The relationship between TNR and visual analysis
The means ± SD of the TNR for FMISO-positive andnegative uptake lesions were 3.56 ± 0.93 and 1.43 ± 0.24, respectively. The TNR of the FMISO-positive uptake group was significantly higher than that of the FMISO-negative group (p < 0.00001, Welch's t test). ROC analysis revealed a close correlation between TNR and visual analysis [area under the curve (AUC) = 0.998].
TNR and necrosis
The TNR in group 1 was 3.49 ± 0.97 vs. 1.43 ± 0.42 (with vs. without necrosis), the TNR in group 2 was 2.91 ± 0.83 vs. 1.44 ± 0.20, and the TNR in group 3 was 2.63 ± 1.16 vs. 1.35 ± 0.23 (Fig. 1) . The TNRs of cases with necrosis were significantly higher than those of cases without necrosis in each group (group 1, 2, and 3: p < 0.00001, p < 0.005, and p < 0.05, respectively).
Semi-quantitative analysis
The mean + 3SD as the cut-off value was TNR = 1.67. When we divided the patients into two groups with high or low TNRs, the necrosis fraction was 1/28 (3.6 %) in the low TNR group and 29/31 (93.5 %) in the high TNR group (Fig. 2) .
The ROC curve towards necrosis and TNR including all cases is shown in Fig. 3 . The AUC was 0.990. At the cut-off value (TNR = 1.67), the sensitivity, specificity, and accuracy were 96.7, 93.1, and 94.9 %, respectively.
Illustrative case
One illustrative case with multifocal GBM was presented. The patient was an 80-year-old female presenting with motor dominant aphasia. MRI revealed two contrast-enhanced lesions in the left frontal lobe. These lesions showed different uptake patterns of FMISO PET. One lesion showed FMISOpositive uptake, whereas the other showed FMISO-negative uptake (Fig. 4a) . Biopsies were performed to target each lesion. A specimen from the FMISO-positive lesion showed clear necrosis, whereas the specimen from the FMISOnegative lesion did not show necrosis (Fig. 4b) . DA (2) AA (6) GBM (17) OA (3) OL (1) AE (1) AOA (2) AO (8) GBMO (5) Central neurocytoma (1) PCNSL (6) LYG (1) Metastatic tumor (2) Craniopharyngioma (1) Hmartoma (1) Hemangioblastoma (1) Atypical meningioma (1) Numbers in parentheses indicate the number of patients DA diffuse astrocytoma, AA anaplastic astrocytoma, GBM glioblastoma multiforme, OA oligoastrocytoma, OL oligodendroglioma, AE anaplastic ependymoma, AOA anaplastic oligoastrocytoma, AO anaplastic oligodendroglioma, GBMO GBM with an oligodendroglial component, PCNSL primary central nervous system lymphoma, LYG lymphomatoid granulomatosis 
Discussion
In this study, both visual and semi-quantitative analyses indicated a strong correlation between the FMISO uptake status and the presence of necrosis. The correlations were significant not only in astrocytic tumors but also in various histological types of brain tumor. Our results suggest that FMISO PET can predict pathological necrosis regardless of the histopathological subtypes. It is well established that FMISO PET can image regional hypoxia. In addition, the mechanisms of FMISO uptake have been described previously [19] . Once FMISO is delivered to cells, retention of FMISO requires, as the first step, electron release from the electron transport chain into the cytosol where the electrons react with the electron-affinic nitro group. Thus, FMISO does not accumulate in necrotic cells itself but rather in peri-necrotic hypoxic cells. Essentially, as tumor cells proliferate, an insufficient oxygen supply may cause local hypoxia [20] . Even though malignant tumor cells are resistant to such severe circumstances, a fraction of cells would fail to survive and thus undergo necrosis [21] . It appears that both the presence of intratumoral micro-necrosis and FMISO uptake have certain thresholds of pO 2 pressure. Our results of strong agreement between necrosis and FMISO uptake suggest that the thresholds are close to each other.
A major result of this study was that FMISO PET could also visualize histologically detectable intratumoral micronecrosis in vivo. So far, central necrosis is an important finding in malignant brain tumors, and wide-ranging necrosis can be clearly detected by conventional MRI. However, histological micro-necrosis is also important for the diagnosis of malignant brain tumors, especially GBM, because the presence of micro-necrosis is critical information for GBM diagnosis regardless of imaging central necrosis [2] . In addition, atypical and anaplastic meningiomas frequently have histopathological necrosis, and the patient outcomes of these tumors are usually poorer than those of ordinary meningiomas [1, 22] .
In this context, FMISO-positive areas might indicate not only severe hypoxic areas (necrotic areas), but also malignant parts of the tumor. FMISO PET might be able to visualize the tumor malignancy in many types of brain tumors. In fact, there are several lines of evidence showing that FMISO-positive lesions are associated with tumor malignancy. These studies indicated that a large volume of hypoxia in glioma measured by FMISO PET is strongly associated with a poorer prognosis [23] [24] [25] [26] .
Another application of FMISO PET in clinical practice is providing important information for biopsy. Brain tumors, especially gliomas, have histological heterogeneity. Therefore, FMISO may contribute to determining the biopsy site as well as accurate diagnosis of the histological malignancy of these tumors. In addition, FMISO uptake evaluation is reproducible and simple, thus providing valid information [27] . The visual evaluations of the two radiologists were very well correlated in the current study. In the illustrative case, intratumoral FMISO accumulation was heterogeneous within individual tumors, and the presence of necrosis corresponded with the FMISO uptake (Fig. 4) .
FMISO PET can provide prognostic information immediately and non-invasively. Clinical symptoms often progress rapidly in brain tumor patients. In such cases, FMISO PET findings might be able to quickly provide information to evaluate necrosis as well as information for differential diagnosis. Furthermore, some cases would benefit from omission of biopsy based on FMISO PET examination, especially elderly patients or patients with severe complications.
Semi-quantitative analysis may be informative for evaluation of FMISO PET. When cases presented with equivocal FMISO accumulation, the visual evaluations by multiple radiologists did not always correspond. In this study, we defined these cases as FMISO negative. In contrast, semi-quantitative analysis could more definitely evaluate these intermediate FMISO uptakes. TNR = 1.67 might be an adequate cut-off value for the prediction of necrosis. Therefore, we should consider the TNR when evaluating FMISO PET, especially in lesions that show equivocal FMISO uptake. In fact, there were four cases of exceptions in visual analysis. Two cases in group 2 and two cases in group 3 with necrosis-positive samples showing FMISO-negative uptake. One of the group 2 cases, which were diagnosed as AO, had a TNR of 2.00, and AE had a TNR of 1.81. Moreover, the two nuclear medicine physicians both evaluated the same area as intermediate or high. Therefore, FMISO uptake in this case may be a significant finding. On the other hand, two cases in group 3 diagnosed as PCNSL showed lower TNRs, and visual analysis did not indicate a matched area. We considered that there might be other mechanisms of necrosis induction in PCNSL.
The potential pitfall of the correlation between FMISO and necrosis may be treatment-induced necrotic changes resulting from steroids or other chemotherapeutic drugs administered before tumor sampling. Such changes may also affect pathological evaluation. To avoid this possibility, we excluded patients who underwent any treatments before FMISO PET and tumor sampling.
One of the limitations of this study was the small numbers of patients, especially in group 3. The tolerance to hypoxia might be different among histopathological features. We are also interested in evaluating protein expression, gene mutations, and any other differences between FMISO uptakepositive and -negative lesions. Further studies, especially of non-glioma patient populations, are necessary to verify our results and clarify the molecular fundamentals.
Conclusions
This study demonstrated a strong correlation between the presence of necrosis and FMISO uptake. Regardless of pathological subtypes, FMISO uptake within the lesion indicated the presence of necrosis. Our results suggest that FMISO PET could provide important information for treatment decisions and surgical strategies of any type of brain tumor.
